Introduction 1991) or its closely related homologs GLI-2 and GLI-3 (Ruppert et al., 1990) in mediating the hedgehog signal. During development, diverse types of neuronal and nonIn Drosophila, the GLI family member Cubitus interneuronal cells appear in precise locations along the anruptus (Ci) has been shown to be necessary and suffiterior-posterior (A-P) and dorsoventral axes of the vercient to mediate many known functions of Hedgehog tebrate nervous system. Initially, crude morphological (Orenic et al., 1990; Alexandre et al., 1996 ; Domínguez divisions can be detected along the A-P axis of the et al., 1996) , suggesting that in vertebrates at least one nervous system. Later, cell pattern along the A-P axis of the three GLI proteins may have a similar role. Consisis further refined, with the development of the major tent with roles for GLI family members in cell patterning brain regions (the forebrain, midbrain, hindbrain, and in vertebrates, mutations in Gli-3 are associated with spinal cord), and diverse groups of neurons with distinct developmental disorders in humans (cephalopolydacmorphologies, neurotransmitter phenotypes, and intyly) (Vortkamp et al., 1991) and mice (extra toes) (Vortnervation targets appear at different positions along the kamp et al., 1992; Hui and Joyner, 1993) . dorsoventral axis (reviewed by Lumsden and Krumlauf, Four lines of evidence specifically suggest a role for 1996, and Tanabe and Jessell, 1996) . For example, GLI-1 in mediating the Shh signal. First, Gli-1 is exwithin the midbrain, floor plate cells (a specialized group pressed in cells that are responsive to Shh (Hui et al., of epithelial cells) arise at the ventral midline; dopamin-1994; Marigo et al., 1996c; Sasaki et al., 1997) . At early ergic (DA) neurons in a ventrolateral region adjacent ages, Gli-1 is expressed throughout the neural tube, to the floor plate; motoneurons develop lateral to DA including ventral midline cells, which receive the inducneurons; and epithelial cells of the roof plate, neural tive Shh signal from the notochord (Hui et al., 1994 ; crest cells, and tectal (superior and inferior collicular) Marigo et al., 1996c) . Later, at a time when ventral midline cells are no longer competent to respond to Shh neurons arise in dorsal locations. (Placzek et al., 1991) , Gli-1 is down-regulated in the own expression (thereby ensuring a continual source of Shh, first from notochord then from floor plate, to midline but continues to be expressed in adjacent neural progenitor cells (Hui et al., 1994; Marigo et al., 1996c) , ventralize the neural tube) (reviewed by Tanabe and Jessell, 1996) . In Drosophila, in contrast, the GLI-1 homolog which remain sensitive to Shh (Hynes et al., 1995b; Roelink et al., 1995; Ericson et al., 1996) . In contrast, the Ci does not induce Hh expression; indeed, it can repress Hh expression (Domínguez et al., 1996) . Has the function expression pattern of Gli-3 and its biological activity (Hui et al., 1994; Marigo et al., 1996c; Sasaki et al., 1997) are of GLI-1 diverged from that of Ci so that it now induces, rather than represses, expression of a Hedgehog gene? not consistent with a primary role in mediating the Shh signal; indeed, it has been suggested that Gli-3 plays a
To address these questions, we have generated transgenic mice that express GLI-1 ectopically in the role in repressing the effects of Shh (Marigo et al., 1996c; Sasaki et al., 1997) . Second, Gli-1 expression is updorsal aspect of the neural tube. We show that ectopic expression of GLI-1 results, by embryonic day 12 (E12), regulated by SHH in a responsive cell line (Sasaki et al., 1997) and in the developing chick limb (Marigo et al., in suppression of dorsal cell markers and induction of ventral cell markers and, by E14, in a robust induction 1996c; Vortkamp et al., 1996) as well as following overexpression of a dominant negative form of protein kinase of Shh and the formation of ventral classes of neurons. These findings show that GLI-1 itself can participate in A (which is proposed to mimic the effects of Shh) (Epstein et al., 1996) in the neural tube, suggesting that the control of multiple ventral cell fate decisions and tissue patterning events in the central nervous system increased expression of Gli-1 could contribute to amplification of the Shh signal. Third, a hybrid molecule comand support the idea that GLI-1 is a key mediator in the reception and transmission of the morphogenic signals posed of the zinc finger domain of GLI-1 and the herpes virus transcriptional activator VP16 was shown to induce exerted by Shh in the vertebrate neural tube. the Shh-responsive gene Ptc in the chick limb bud, suggesting that an intact GLI-1 protein might have a similar Results activity (Marigo et al., 1996c) . Fourth, functional GLI-1 binding sites have been identified in the promoter region GLI-1 Can Induce Ectopic Expression of Ventral Genes in the E12 Mid-and Hindbrain of two Hh-responsive genes (Alexandre et al., 1996; Sasaki et al., 1997) .
We determined whether ectopic expression of Gli-1 in transgenic mice under the En-2 promoter-enhancer in Although these results indicated a possible role for GLI-1 in mediating Shh signaling in vertebrates, several the dorsal midbrain and hindbrain of transgenic mice (Sasaki and Hogan, 1994) could influence cell fate deciquestions were left unanswered by these studies. First, can GLI-1, rather than the artificial VP16-GLI-1 fusion sions in the nervous system. Visual inspection of Gli-1 transgenic mice at E12 and E14 revealed dramatic outconstruct, induce Shh-responsive genes in vertebrates? VP16 is a potent and promiscuous transcriptional activagrowth of dorsal neural tissue in the midbrain-hindbrain region and abnormal head morphology ( Figure 1 , and tor, and the ability of a GLI-1-VP16 fusion to induce Ptc expression cannot be taken as conclusive evidence that data not shown), suggesting that GLI-1 exerts a mitogenic effect on neural progenitors in these regions. Simi-GLI-1 itself can induce and repress Shh-responsive genes in an appropriate manner. Second, can GLI-1 lar phenotypes had been previously observed in transgenic mice ectopically expressing Shh (Echelard induce Shh-responsive genes in the vertebrate neural tube in addition to the limb? Third, an important aspect et al., 1993, and present study; data not shown), the winged-helix transcription factor HNF-3␤ (an inducer of of Shh function in the neural tube is that it induces its Shh) (Sasaki and Hogan, 1994) , and the Wnt-1 gene GLI-1 Suppresses the Expression of Dorsal Markers in the Mid-and Hindbrain (Dickinson et al., 1994) .
Further analysis of E12 brain sections by in situ hybridSince an early and essential phase in the commitment of neural progenitors to a ventral cell fate in response ization (Figure 2 ) revealed that, whereas in normal animals Gli-1 mRNA is confined mainly to the ventral neural to Shh involves the suppression of homeodomain-containing transcription factors and other dorsal cell marktube (Figures 2A and 2C ), in Gli-1 transgenic mice, Gli-1 is widely expressed in ectopic dorsal locations throughers (reviewed by Tanabe and Jessell, 1996) , we have determined the effects of Gli-1 on the expression of out the mid-and hindbrain ( Figures 2B and 2D) . Moreover, consistent with the idea that GLI-1 is a mediator two dorsally expressed markers: Pax-3, a homeoboxcontaining transcription factor that participates in the of the Shh signal, we find that the Shh receptor Ptc Marigo et al., 1996a Marigo et al., , 1996b ; Stone establishment of dorsal cell fate and which can suppress ventral cell identity (Tremblay et al., 1996), and AL-1, an et al., 1996) , which is normally expressed at high levels only in the ventral aspect of the neural tube (Figures 2I Eph family tyrosine kinase ligand (Winslow et al., 1995) , which is found in a gradient within the tectum (dorsal and 2K), was ectopically induced in many dorsal midbrain-hindbrain regions where ectopic expression of midbrain). At the time when the ventral marker Ptc was strongly induced in the dorsal mid-and hindbrain of the Gli-1 was detected (Figures 2J and 2L; compare with Figures 2B and 2D) . In contrast, although ectopic Shh Gli-1 transgenic mice, the normally intense dorsal Pax-3 expression was largely eliminated (Figures 3A and 3B) . transcripts could occasionally be detected (Figures 2F and 2H) , they were restricted to a very small subset of Only a small, restricted region of Pax-3 expression was found in lateral regions that were devoid of ectopic Gli-1 the Gli-1 positive cells in E12 mice ( patches of dorsal cells (Figures 2F and 2H) , these findTaken together, these findings suggest that GLI-1 alters the expression of both dorsal and ventral cell markings suggest that Pax-3 is suppressed by GLI-1 independent of Shh. At E12 (data not shown) as well as at E14, ers and can reproduce early actions of Shh in the central nervous system. the dorsal expression of AL-1 was also significantly down-regulated and mispatterned in Gli-1 transgenic embryos ( Figures 3C and 3D ). AL-1 was still detected GLI-1 Induces the Expansion of Cell Markers That Demarcate the Midbrain-Hindbrain Boundary in an abnormal, looped structure ( Figure 3D ) in the dorsal midbrain in a region where the ectopically induced markWe next examined whether ectopic expression of Gli-1 can also influence the expression pattern of genes that ers Ptc and HNF-3␤ were not expressed ( Figure 4B ; data not shown). Thus, although ectopic expression of Gli-1 are restricted along the A-P axis. One such gene is the homeobox-containing transcription factor Engrailed-1 resulted in the expression of ventral cell markers, dorsal cell markers were not completely eliminated. Adjacent (En-1), which is expressed in both the dorsal and ventral aspects of the caudal midbrain (Davis and Joyner 1988; expression of dorsal and ventral neural tube markers has previously been observed in transgenic mice that Davis et al., 1988) and rostral hindbrain ( Figure 3E ). Whereas no change in the expression pattern of En-1 express a dominant negative form of protein kinase A in the dorsal neural tube (Epstein et al., 1996) .
was detected in the ventral neural tube of the Gli-1 transgenic embryo, the domain of En-1 positive cells At E14, ectopic dorsal expression of Ptc was maintained in the Gli-1 transgenic mice ( Figure 4B ), and the was significantly expanded in the dorsal midbrain and hindbrain of these animals ( Figure 3F ). Likewise, tranwinged-helix transcription factor, HNF-3␤, which is normally expressed in the ventral neural tube (Sasaki and scripts for Wnt-1 (Parr et al., 1993) and FGF-8 (Heikinheimo et al., 1994; Crossley and Martin, 1995) , which in Hogan, 1993; Ruiz i Altaba et al., 1993) ( Figure 4D ), was widely induced in the dorsal midbrain and hindbrain normal E12 mice are restricted to bands in the dorsal and ventral aspects of the midbrain or midbrain-hindbrain ( Figure 4E ). Shh, which at E12 was detected in only small patches of cells ( Figures 2F and 2H) , was, at E14, widely boundary, were detected in Gli-1 transgenic embryos throughout a large portion of the expanded dorsal region induced in dorsal locations in the Gli-1 transgenic mice ( Figure 4H ), confirming that in addition to its role as an (Figures 3H and 3J ; blue arrows). To determine whether the caudal boundary of the Wnt-1 and FGF-8-expressing activator and suppressor of Shh target genes, GLI-1 can cause the induction of Shh. dorsal region is retained, sections from the Gli-1 transgenic embryos were hybridized in situ with a probe Consistent with the idea that GLI-1 and Shh act in the same signaling cascade, transgenic mice ectopically for Otx-2, a homeobox gene that is expressed in the forebrain and midbrain and has a caudal expression expressing Shh-N (the amino terminal, biologically active portion of Shh [Fan et al., 1995; Hynes et al., 1995b ; domain at the midbrain-hindbrain boundary (Simeone et al., 1992 ) (data not shown). Interestingly, although Porter et al., 1995; Roelink et al., 1995] ) showed changes in the pattern of gene expression for Ptc, HNF-3␤, and Gli-1 is ectopically expressed in both the mid-and hindbrain (leading to dorsal induction of Ptc, suppression of Shh ( Figures 4C, 4F , and 4I), which were strikingly similar to the those observed in the Gli-1 transgenic embryos. Pax-3, and expansion of En-1 in the hindbrain), no ecWe further analyzed whether the ectopic expression topic expression of Wnt-1 or FGF-8 was detected caudal of early ventral cell markers was associated with ectopic to the Otx-2 positive region. Thus, although the expresdifferentiation of ventral neurons in the Gli-1 transgenic sion domains of Wnt-1 and FGF-8 were expanded, they embryos. Two classes of neurons were examined: DA appear to remain restricted to the midbrain or midbrainneurons, which are normally located in the ventral midhindbrain boundary. These findings suggest that ectopic brain (e.g., Specht et al., 1981) , and serotonergic neuexpression of Gli-1 leads to an expansion of the midrons, which are present in the ventral hindbrain (e.g., brain-hindbrain boundary region, which in turn gives Parent, 1981) (Figures 5aA and 5aB) . DA neurons are rise to the characteristic ("cone head") outgrowth of the known to be induced by floor plate cells and by SHH in dorsal neural tube in these mice (Figure 1) . midbrain explant culture in vitro (Hynes et al., 1995a (Hynes et al., , 1995b Wang et al., 1995) and in vivo (Hynes et al., 1995a GLI-1 Induces Shh and Ventral Classes and Figure 5bB ). Similarly, serotonergic neurons can be of Neurons in E14 Embryos ectopically induced by the notochord in vivo (Yamada We next examined the effect of Gli-1 on expression of et al., 1991), and we find that these neurons can also dorsal and ventral markers at E14 and on the formation be induced by the floor plate in mid-hindbrain and hindof later-appearing, ventral neurons. We further combrain explant culture in vitro (Figures 5aC-5aF) . In nonpared the Gli-1 transgenic embryos to embryos that transgenic littermates, clusters of DA and serotonergic neurons were detected in only the ventral part of the overexpress Shh under the En-2 promoter. midbrain or hindbrain (Figures 5bA and 5bD) . In Gli-1 that in some dorsal regions where the Gli-1 transgene is expressed at high levels ( Figure 6C ), Gli-3 expression (Figures 5bC and 5bF) and Shh-N (Figures 5bB and 5bE ) transgenic mice, both groups of neurons are induced in was indeed suppressed ( Figure 6I ). However, we also find that expression of Gli-3 was retained in several ectopic dorsal locations. Thus, as judged by the induction of ventral genes like Ptc, HNF-3␤, and Shh, and by dorsal regions in which Gli-1 and Ptc were ectopically produced ( Figure 6I ; outside the arrows, and data not the formation of multiple classes of ventral neurons, ectopic expression of Gli-1 can lead to the induction of shown). Gli-2 showed no consistent suppression or induction in the Gli-1 transgenic embryos ( Figure 6F ). ventral cell fates in the dorsal neural tube.
Thus, although Gli-3 can be suppressed by Gli-1, this suppression may not be an absolute prerequisite for Expression of Gli-1, Gli-2 and Gli-3 in the Gli-1 Transgenic Embryos the expression of early ventral cell markers. It remains possible that suppression of Gli-3 is essential for the The expression of Gli-3 was shown to be suppressed by Shh in the chick limb, leading to the suggestion that acquisition of ventral cell fates that require high concentrations of Shh or for the induction of Shh. Gli-3 might be a repressor of the Shh signaling (Marigo et al., 1996c) . We therefore determined whether ectopic expression of Gli-1 in the dorsal neural tube would also GLI-1 Is Induced by Shh in the Mammalian Nervous System lead to the suppression of Gli-3. Analysis of transcripts for Gli-1, Gli-2, and Gli-3 in normal E12 rat embryos by Finally, we examined whether the expression of Gli-1 in the neural tube can be regulated by Shh, which could in situ hybridization confirmed that at E12 (Hui et al., 1994; Sasaki et al., 1997) , Gli-1 is the most ventrally provide a mechanism to amplify and modulate the Shh signal. To this end, Gli-1 expression was examined in expressed of the three genes, Gli-3 is found mainly in the dorsal and intermediate aspects, and Gli-2 overlaps E14 Shh-N transgenic embryos. Consistent with the idea that GLI-1 is a mediator of Shh and with the fact that with Gli-3 ( Figures 6A, 6B, 6D, 6E, 6G, and 6H) .
Examination of the Gli-1 transgenic embryos revealed the dorsal neural tube is responsive to Shh, low levels of Gli-1 were detected in the dorsal midbrain of normal formation of two classes of ventral neurons, DA and serotonergic neurons. These findings support the hyanimals (Figure 7 , WT) (as shown previously by Hui et al., 1994) . However, Gli-1 expression was significantly pothesis (Hui et al., 1994; Alexandre et al., 1996; Domín-guez et al., 1996; Epstein et al., 1996; , increased in dorsal midbrain-hindbrain regions in the Shh-N transgenic mice (Figure 7, . This find1996c; Sasaki et al., 1997) that Gli-1 is a downstream mediator of Shh and that this transcription factor particiing, which extends similar observations in the limb (Marigo et al., 1996c; Vortkamp et al., 1996) and in an SHHpates in the translation of the complex multistep actions of Shh into the discrete pattern of gene expression and responsive neuronal cell line (Sasaki et al., 1997) , is consistent with the idea that GLI-1 mediates the recell fates that typify the ventral neural tube. sponse to Shh, and that distinct cellular responses to Shh may be modulated in part via changes in the levels of Gli-1.
Mechanism of Action of GLI-1
Cell patterning in the ventral neural tube, which is initiated in response to notochord and floor plate-derived Discussion Shh, involves the suppression of multiple genes, which are initially expressed throughout the neural plate and We have shown that ectopic expression of Gli-1 in the dorsal neural tube results in widespread induction of subsequently restricted to the dorsal neural tube; the activation of genes such as HNF-3␤ and Ptc, which the Shh-responsive gene Ptc by E12, and of HNF-3␤ and Shh by E14; in the suppression of the dorsally restricted delimit the ventral neural tube; and the formation of multiple mature ventral neuronal and non-neuronal cell markers Pax-3 and AL-1; in the expansion of midbrainhindbrain markers FGF-8, Wnt-1, and En-1; and in the types. The participating neural progenitors appear to gauge with remarkable precision the duration and conthe Gli-1 transgenic animals at E14 is mediated in part by Shh following its induction. In addition, we have found centration of Shh to which they are exposed, and assume distinct cell fates accordingly (Ericson et al., 1996) .
that the glioblastoma-derived Gli-1 cDNA used in our experiments (Kinzler et al., 1987) differs from a human Although it might seem surprising that many aspects of this process can be reproduced to a large extent followfetal lung-derived Gli-1 cDNA (which we have isolated and sequenced) at nucleotide 2876 (G to A, leading to ing ectopic expression of a single DNA binding protein, GLI-1, several structural and biochemical characterisa change at amino acid 933 from Gly to Asp). Although the change occurs in a region of Gli-1 that is highly tics of GLI-1 may help explain how it performs these functions. First, the primary structure of GLI-1 suggests variable across members of the GLI protein family in either the same or in different species, we cannot exthat it may contain both transcriptional repression and transcriptional activation domains .
clude the formal possibility that this difference affects the function or regulation of the resulting GLI-1 protein. Zinc finger proteins that contain such domains were previously shown to be bifunctional modulators of gene Nevertheless, the finding that Gli-1 can direct a wellorchestrated ventral cell pattern in the mouse dorsal expression. Depending on the promoter regions to which they bind, their effective concentration in the cell, midbrain and hindbrain, which is identical to that observed following ectopic expression of Shh and which and the type of interaction with other transcription factors that they establish (Licht et al., 1990; Sauer and includes the coordinated suppression of dorsal neural tube markers, induction of ventral cell markers, and the Jä ckle, 1991; Lee et al., 1994; Alexandre et al., 1996; Domínguez et al., 1996 ; reviewed by Shrivastava formation of morphologially normal mature ventral neurons, is consistent with the predicted function of a downand Calame, 1994), these factors can either activate or suppress transcription of distinct genes within a single stream mediator of Shh. cell (Sauer and Jä ckle, 1991, 1993; Lee et al., 1994) . Such bifunctional activity might allow GLI-1 to act as a Expansion of the Midbrain-Hindbrain Boundary Region in Gli-1 Transgenic Embryos molecular switch between dorsal and ventral cell fates, simultaneously suppressing dorsal genes such as Consistent with the morphologically visible outgrowth of dorsal neural tissue in the Gli-1 transgenic embryos Pax-3, AL-1, and Gli-3 and activating ventral genes such as Ptc, HNF-3␤, and Shh. Since the levels of Gli-1 mRNA (Figure 1) , we have observed a significant expansion of markers that typify cells at the midbrain-hindbrain are influenced by Shh (Marigo et al., 1996c; Vortkamp et al., 1996; Sasaki et al., 1997) (Figure 7 ), GLI-1 might boundary (the isthmus region). The isthmus is thought to be a proliferative center for neural progenitors function as part of a sensor system in which distinct concentrations of Shh are translated into specific levels (Marchand and Poirier, 1983) , and its expansion in Gli-1 transgenic embryos suggests that GLI-1 and/or Shh may of active GLI-1, and in turn, into particular patterns of ventral gene expression and specific ventral cell types.
provide a mitogenic stimuli to these cells, which may be responsible for the abnormal outgrowth. In Drosophila, Ci has been shown to be regulated posttranscriptionally by Hh (Motzny and Holmgren, 1995) , It is noteworthy that the ectopically induced neurons, as well as the FGF-8 and Wnt-1 markers, retain the and it is possible that Shh controls the levels of active Gli-1 at both the transcriptional and posttranscriptional position of their normal counterparts along the A-P axis of the brain. Dorsally produced DA neurons, FGF-8, and levels. The finding that GLI-1 can activate a reporter gene containing GLI-1 binding sites is consistent with Wnt-1 were restricted to the midbrain or isthmus region, whereas ectopically induced serotonergic neurons were the idea that it can act as a transcriptional activator (Sasaki et al., 1997) .
confined to the hindbrain. Gli-1 and Shh-N appear to alter the fate of neural progenitors along the dorsovenThe finding that, in the Gli-1 transgenic embryos, the expression of Ptc, is tral axis but, at least under these conditions, do not dramatically alter pattern along the A-P axis. altered by E12, whereas Shh expression is significantly induced only at E14, is consistent with the notion that As mentioned, dorsal and ventral neural tube markers are occasionally expressed in adjacent domains in the these genes are independently regulated by GLI-1. However, because Shh itself can ventralize the neural tube, dorsal neural tube of transgenic mice that ectopically express Gli-1, Shh-N, or a dominant negative form of we cannot exclude the possibility that the phenotype of protein kinase A (Epstein et al., 1996, and this study) .
Partial inhibition of GLI-1 by GLI-3 may, for example, prevent the expression of some ventral genes such as This finding, combined with the fact that the Shh signaling system appears to provide a mitogenic stimulus to Shh or the formation of ventral cell types that require high levels of SHH/GLI-1, such as the floor plate (Roelink neural progenitors in the isthmus, raises the possibility that in the transgenic embryos, only newly produced Marti et al., 1995; Hynes et al., 1995b) . In fact, the persistent expression of Gli-3 may be the reason that progenitors in fact acquire ectopic ventral cell fates, whereas a population of progenitors that were deterwe detect very little ectopic expression of Shh in E12 mice. In addition, Gli-3 may mediate dorsal cell fate in mined prior to the activation of transgenic Gli-1 have retained their original dorsal phenotype. Thus, the obthe neural tube in response to members of the TGF␤/ BMP protein family (reviewed by Tanabe and Jessell, served ventralization of the dorsal neural tube in the Gli-1 transgenic embryo may represent in part the acqui-1996). Gli-2, which is expressed in both the dorsal and ventral aspect of the neural tube, may cooperate with sition of ventral cell fate by newly produced naive progenitors rather than transdifferentiation of committed Gli-1 to control cell fate along the dorsoventral axis. Marigo et al., 1996c) , and therefore may function The cascade of events leading from exposure to Shh in cell fate determination in tissues other than the brain. to possible activation of GLI-1 is far from understood. However, available information suggests that it involves Differences between GLI-1 and CI inhibition of the cyclic (c) AMP-dependent protein kinase Whereas GLI-1 can induce Shh in the developing verte-A pathway (cAMP PKA) (Fan et al., 1995; brate neural tube, Ci does not induce Hh in Drosophila 1995b; Concordet et al., 1996; Epstein et al., 1996; Ham-(Alexandre et al., 1996; Domínguez et al., 1996) . One merschmidt et al., 1996; Stone et al., 1996) . Interestingly, explanation for the difference between Ci and GLI-1 is members of the GLI family of zinc finger transcription that, while in Drosophila, the cells that respond to Hh factors, including the Drosophila Ci protein, were shown are distinct from those that produce it, in mammals, the to share necessary transcriptional adapters such as same cells (presumptive floor plate cells) respond to CBP and p300 with the cAMP-responsive transcription and must eventually produce Shh. Mechanistically, factor, CREB Lundblad et al., 1995;  GLI-1 may have lost its ability to suppress Shh transcripAkimaru et al., 1997), opening the possibility that the tion, and this role may have been assumed by another activity of GLI-1 may be regulated in part by competition member of the GLI-1 protein family such as GLI-3 (Marwith CREB on such essential transcriptional adapters. igo et al., 1996c; Sasaki et al., 1997) . Alternatively, GLI-1 or unknown cofactors could be directly inactivated by cAMP PKA phosphorylation. Fi-GLI-1 as an Oncogene nally, cAMP PKA may regulate the activity of a putative Gli-1 was first identified as a gene amplified in glioblastomammalian homolog of fused, a serine-threonine kinase mas and sarcomas (Roberts et al., 1989; ., that appears to be activated by Hh and is necessary for 1991). It is worth noting that another protein involved in Hh signaling in Drosophila (Therond et al., 1996) , and Shh signaling, the Shh receptor Ptc (Marigo et al., 1996b ; fused may in turn regulate GLI-1. Stone et al., 1996) , has been linked to basal cell carcinoma (Hahn et al., 1996; Johnson et al., 1996) . Thus, it The GLI Protein Family appears as if multiple, apparently unrelated cancers may As mentioned, Gli-1 has at least two mammalian homobe caused by aberrant function of the Shh signaling logs, Gli-2 and Gli-3, each of which is widely expressed system. This finding may allow the design of common in the nervous system (Hui et al., 1994; therapeutic approaches for these seemingly distinct ail1996c; Sasaki et al., 1997) . Interestingly, in the chick ments. limb, Shh appears to down-regulate the expression of Gli-3, giving rise to the hypothesis that Gli-3 might be
Experimental Procedures
an antagonist of the Shh/GLI-1 signal (Marigo et al., 1996c) . Consistent with this hypotheis, GLI-3 was re-were subjected to in situ hybridization performed with 500-700 bp Dickinson, M.E., Selleck, M.A.J., McMahon, A.P., and Bronner-Fraser, M. (1995) . Dorsalization of the neural tube by the non-neural digoxygenin-labeled probes as described previously (Hynes et al., 1995a (Hynes et al., , 1995b (1993) . Sonic hedgehog, a Ruiz i Altaba), anti-rabbit tyrosine hydroxylase (Chemicon Inc.), and member of a family of putative signaling molecules, is implicated anti-5HT (Incstar Inc.) (this antisera required modification of the in the regulation of CNS and limb polarity. Cell 75, 1417-1430. tissue preparation protocol to include 1% Triton-X 100 in the Epstein, D.J., Marti, E., Scott, M.P., and McMahon, A.P. (1996) . blocking and incubation steps).
Antagonizing cAMP-dependent protein kinase A in the dorsal CNS activates a conserved Sonic hedgehog signaling pathway. DevelopExplant Cultures ment 122, 2885-2894. E9 rat embryo (Plug ϭ day 0; 0-5 somites) explants were prepared, Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M. cultured, fixed, and stained as detailed before (Hynes et al., 1995b . Two critical periods of Sonic Hedgehog signaling required except that after removing the endogenous floor plate, the explant for the specification of motor neuron identity. Cell 87, 661-673. was divided along the A-P axis into regions containing the midbrain Fan, C.-M., Porter, J.A., Chiang, C., Chang, D.T., Beachy, P.A., and and hindbrain or hindbrain alone, and cultured in contact with either Tessier-Lavigne, M. (1995) . Long-range sclerotome induction by control tissue (connective tissue) or with a spinal cord floor plate Sonic hedgehog: direct role of the amino terminal cleavage product that had been isolated from an E12 rat embryo. Explants were culof modulation by the cyclic AMP signaling pathway. Cell 81, tured for 5 days, fixed, and stained for both tyrosine hydroxylase 457-465. and serotonin (anti-rabbit serotonin; Chemicon).
Goodrich, L.V., Johnson, R.L., Milenkovic, L., McMahon, J.A., and Scott, M.P. (1996) . Conservation of the hedgehog/patched signaling
